Oxygen Fugacity of the Upper Mantle of Mars. Evidence from the Partitioning Behavior of Vanadium in Y980459 (Y98) and other Olivine-Phyric Shergottites by Papike, J. J. et al.
 Oxygen Fugacity of the Upper Mantle of Mars. Evidence from the Partitioning Behavior of Vanadium in 
Y980459 (Y98) and other Olivine-Phyric Shergottites.  C.K. Shearer1, G.A. McKay2, J.J. Papike1 J. Karner1. 
1Institute of Meteoritics, Department of Earth and Planetary Sciences, University of New Mexico 
(cshearer@unm.edu), 2ARES, Johnson Space Center, Houston, TX,77058. 
 
 
Introduction:  Previous studies[1,2,3,4] have 
demonstrated that the fO2 in martian shergottites varies 
by at least 3 log units and is correlated with geochemi-
cal parameters such as LREE/HREE, initial 87Sr/86Sr, 
and initial εNd. These correlations have been inter-
preted to indicate the presence of reduced, incompati-
ble element-depleted and oxidized, incompatible ele-
ment-enriched reservoirs that were produced during 
early stages of martian differentiation (≈ 4.5 Ga) 
[1,2,3,4,5,6]. Martian basaltic magmatism represented 
by the shergottites is thought to represent mixing be-
tween these two reservoirs. The behavior of V in the 
shergottites may provide an independent means of 
evaluating the fO2  conditions under which they crystal-
lized. The valence state of vanadium (V2+, V3+, V4+, 
V5+) is highly sensitive to variations in redox condi-
tions of basaltic magmas. Differences in valence state 
will influence its partitioning behavior between min-
eral phases and basaltic liquid. Using partitioning be-
havior of V between olivine and basaltic liquid pre-
cisely calibrated for martian basalts, we determined the 
redox state of primitive (olivine-rich, high Mg#) mar-
tian basalts near their liquidus. The combination of 
oxidation state and incompatible element characteris-
tics determined from early olivine indicates that corre-
lations between fO2 and other geochemical characteris-
tics observed in many martian basalts is also a funda-
mental characteristic of these primitive magmas.  
However, our data does not exhibit the range of fO2 
observed in these previous studies.. We conclude that 
the fO2 for the martian upper mantle is approximately 
IW+1 and is incompatible-element depleted. It seems 
most likely (although clearly open to interpretation) 
that these mantle-derived magmas assimilated a more 
oxidizing (>IW+3), incompatible-element enriched, 
lower crustal component as they ponded at the base of 
the martian crust. 
Rationale and Analytical Approach:  In magmatic 
systems V occurs in several valence states: V5+ 
(0.54Å), V4+ (0.59Å), V3+ (0.64 Å), and perhaps even 
V2+ (0.79 Å) [7].  V5+ occurs in highly oxidizing envi-
ronments on Earth, whereas V2+ may occur in highly 
reducing environments of the Moon and the early solar 
system (more reducing than IW-1). V3+ and V4+ are the 
dominant cations between the QFM buffer and IW-1. 
Within this range, the ratio of V4+/V3+ in the magma is 
dependent upon fO2 and decreases with increasing re-
duction. A companion paper explores these variations 
with micro-XANES [8]. The partitioning behavior of 
V between olivine and basaltic melt is due to differ-
ences in charge and ionic radii of the V cation. For 
example, V3+ will be preferred in the M1-M2 octahe-
dral sites in olivine relative to V4+[9]. We calibrated 
the relationship between fO2 and DVolivine/melt  at several 
different fO2 conditions in the 1 atmosphere gas-mixing 
furnaces at NASA JSC. The starting composition was 
equivalent to the most primitive martian basalt compo-
sition yet documented (Y98) and doped with approxi-
mately 1500 ppm V. The mixtures were held above the 
liquidus at 1500°C before being lowered to tempera-
tures just below the liquidus at temperatures of 1375-
1380°C and 1320°C. The charges were then drop 
quenched in equilibrium at imposed fO2 conditions of 
IW-1, IW+1 and IW+3.5 (=QFM). Olivine-phyric 
martian basalts NWA1110, SaU005, DaG476, and 
Y98 were analyzed in this study. These four shergot-
tites have been previously studied [2,3,4]. In addition 
to these four martian basalts, we also analyzed two 
basalts from basaltic systems with well defined fO2: an 
Apollo 12 olivine basalt, that crystallized at an fO2 of 
IW-1 and a terrestrial basalt from the Makaopuhi lava 
lake that crystallized at 1145˚C and an fO2  of IW+3.65 
(=FMQ+0.15). Vanadium and a suite of trace elements 
were analyzed (Sc, Cr, Ti, Mn, Co, Ni, and Y) using 
the Cameca 4f ims ion microprobe housed in the Insti-
tute of Meteoritics at UNM. The DVolivine/melt in the ex-
perimental charges were calculated by the ratio of 
[measured Volivine/measured Vmelt ], while the distribu-
tion coefficients between olivine and melt in the oli-
vine-phyric shergottites, lunar basalt, and terrestrial 
basalt were calculated by the ratio of [measured Vearly 
olivine/measured Vwhole rock or associated glass ]. In the later cal-
culation, as the whole rock value deviates from a melt 
composition due to the accumulation of olivine or 
other phases the [measured Vearly olivine/measured Vwhole 
rock] deviates from the true DVolivine/melt. The extent of 
this deviation can be estimated based on the KD Fe2+-
Mg between olivine and the whole rock. Of the mar-
tian basalts, Y98 provided the best estimates of  fO2. 
Results:  Olivine was the first phase to crystallize in 
all the experiments followed by chromite in all runs at 
fO2 at IW+1 to more oxidizing conditions. The Fe-Mg 
Kdolivine/melt for all experimental charges is between 0.30 
and 0.33, which indicates that olivine is in equilibrium 
with the melt in all of these experiments. The relation-
ship between fO2 and distribution of V between olivine 
and melt was calibrated through these experimental 
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charges (Fig. 1). The DVolivine/melt increases from ap-
proximately 0.055 at IW+3.5 (=QFM) to approxi-
mately 0.5 at IW-1 and is similar to the range observed 
in other studies [10]. DVolivine/melt appears not to be sen-
sitive to slight differences in temperatures (55 to 60°C) 
just below the liquidus. The DVolivine/melt for the same 
fO2 is identical within analytical uncertainty.  The slope 
between DVolivine/melt and fO2 changes more abruptly at 
conditions more reducing than IW+1 (Fig. 2). This is a 
function of either a non-linear decrease in the V4+/V3+ 
ratio at low fO2 or the effect of  V5+ or V2+ on partition-
ing. Vanadium in the olivine from the martian, terres-
trial, and lunar basalts exhibit distinct variations from 
the core to rim. In the basalts that closely approach 
liquid compositions and the Fe-Mg Kdolivine/melt indi-
cates that olivine is in equilibrium with that melt (Y98, 
12009, Makaopuhi), the V increases and the Ni de-
creases from core to rim (Fig. 2). In the coarser-
grained olivine-phyric shergottites with Fe-Mg Kdoli-
vine/melt that appears to deviate from equilibrium 
(SaU005, NWA1110, DaG489), both V and Ni de-
crease from core to rim (Fig. 2).  Using the measured 
(Vearly olivine/measured Vwhole rock) and the experimentally 
determined relationship between DVolivine/melt  and fO2 , 
the calculated fO2 conditions under which these earliest 
olivines crystallized (near the liquidus and prior to the 
crystallization of other phases) for these near-primary 
martian magmas range from approximately IW+0.7 to 
IW+2.1 (Fig. 3). In addition, the earliest olivines ex-
hibit a range of incompatible element characteristics as 
illustrated by the concentration of Y. In the more re-
duced shergottites, Y is approximately 100 ppb in the 
earliest olivine, whereas in the more oxidized shergot-
tites the earliest olivine has 15 times more Y (Fig. 3). 
Discussion: The real advantages of this approach are 
that (1) the fO2 for olivine-phyric shergottites is esti-
mated for conditions just 10-50˚C below the liquidus, 
(2) the fO2 and incompatible element characteristics of 
the basalt can be estimated from a single, early liq-
uidus phase, and (3) the calibration is applicable to 
olivine-phyric shergottite compositions and a range of 
near-liquidus T (1380-1320°C). The interpretation of 
these data indicates that the sources for the “depleted” 
olivine-phyric shergottites are at an fO2 of approxi-
mately IW+1 and that the fO2 of the martian mantle 
may range from IW+1 (shallow) to IW-1 (deep). It is 
these basaltic magmas that more closely represent pri-
mary martian basalts. Assimilation of the lower mar-
tian crust to produce the “enriched” shergottites is 
more consistent with the conclusion from isotopic data 
that the shergottites represent mixing of components 
from two distinctly different reservoirs that were 
formed during initial martian differentiation at 4.5 Ga. 
This is clearly not a unique interpretation of these data. 
However, if true, the “enriched” olivine-phyric basalts 
do not approach primary melt compositions and should 
not be inverted to estimate the character of the martian 
mantle.  
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Fig. 1. Relationship between DVolivine/melt  and fO2
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Fig. 2. V-Ni  in martian, terrestrial, and lunar olivine. 
 
Fig 3. DVolivine/melt  vs. Y in martian basalts. 
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